The weaving of flexible electronic filaments directly into the body of textiles during manufacture represents the state-of-the-art process for integrating electronic functionality into fabrics in a manner that obscures the presence of the electronics from the wearer. The reliability of emerging prototypes under typical stresses from washing and bending is primarily dependent on the durability of the electrical conductors, and their interconnections with the electronic components attached to them on polyimide filaments. To improve the durability of these filaments, this paper uses the classical beam theory to investigate the material characteristics (thickness and elastic modulus) and suitability of different encapsulations such as polyimide, polyurethane, mylar and peek films for limiting the mechanical stress on the electrical conductors.
Introduction
Electrical conductors are necessary for transmitting information and/or energy within e-textile circuits. Research literatures are replete with examples of electrical conductors in the form of printed inks, conductive threads, thin film metals and etched copper films that have been implemented on textiles for interconnecting surface mount electronic components and, in some cases, for fabricating the electronics themselves on the fabric [1, 2] . One of the major failure mechanisms of the resulting etextiles is the cracking of the electrical conductors under bending and washing stresses [3, 4, 5] .
This paper builds on [6] which reports the state-of-the-art process for integrating flexible electronic filament circuits in textiles. The circuits are fabricated on 2 mm wide polyimide filaments containing 18 µm thick copper conductors and are concealed in the textile in a weaving process. The textile houses the filaments and provides protection for the copper film; surviving up to 1500 bending cycles at a radius of 10 mm [6] . To enhance the durability of these filaments, this paper mathematically models the electronic filament as a beam, shown in figure 1a, using the classical beam theory. The material characteristics (elastic modulus and thickness) of the encapsulation is used to tune the position the copper film about the neutral axis, NA and control the overall stiffness of the filament. The model is also used to evaluate how the thickness of the copper layer affects the reliability of the filament.
Modelling the electronic filament
The NA position of the electronic filament without the encapsulation film, in figure 1a is 48.5 µm based on equation 1 and the material properties listed Table 1 . This shows that the NA position is within the copper film. The stress distribution within the filament in figure 1b obtained from equation 2 for a bending radius of 10 mm shows that the copper film is dominated by compressive (or negative) stress as shown in figure 1b. To improve the durability of the copper film, encapsulation is needed to shift the NA position to the center of the copper film to ensure the stress is symmetrically distributed. 
Where 'n', Ei, and ti are the total number of layers, elastic modulus, thickness of the 'i th ' layers in the filament respectively. "y" is any arbitrary position within the filament and "x" is the layer width. The relationship between the elastic modulus of the encapsulant and the thickness required move the position of the NA within the copper film is shown in figure 3 . When elastomers (E ≤ 3 MPa) such as the VPT 9074 are used, the encapsulation thickness can be as high as 8 mm and for higher elastic modulus polymers (3 GPa ≤ E ≤ 30 GPa) such as Polyimide, PEEK and mylar, the required thickness is less than 40 µm. Figure 4 shows that polyimide encapsulation shifts the NA to the center of the copper film and evenly distributes the stress within the film. Unlike in figure 1b, the compressive and tensile stress (i.e. 60 MPa) on the film are now equal. However, the copper film still has the highest stress during bending. To prevent this, it is necessary for the copper film thickness to reduce so that the entire copper film can be on or very close to the neutral axis where the stress amplitude is minimum. Figure 5 illustrates the case where the copper film thickness (1µm) is much less than the thickness polyimide filament. In contrast to figure 4, the copper film has the lowest stress amplitude of 2 MPa within the filament and noticeably, does not dominate the bending characteristics of the filament. However, reducing the thickness of the conductor will reduce electrical conductivity of the filament. Therefore, depending on the e-textile application, filament design will involve a compromise between the electrical conductivity and the durability. Finally, table 1 shows the impact of the encapsulation thickness on the overall filament stiffness which was calculated using equation 3. For example, with the PEEK, Polyimide and Mylar encapsulants, the total filament stiffness tripled. The VPT 9074 film increases the stiffness by a factor of 8000 and not suitable for tuning the NA position. However, at lower thicknesses (≤ 100 µm), it can be used to physically protect the copper film from abrasion or moisture without any change in the filament stiffness and the NA position. 
Conclusion
This paper discussed the durability of electronic filaments where the NA position is already within the electrical conductor. For polyimide filaments containing 18 µm thick copper films, the encapsulation material improves durability by ensuring the induced stress is uniformly distributed within the copper. It does not position the entire film on the NA. By reducing the thickness of the copper film (≤ 1µm), the entire film can be positioned on or close to the NA where the stress is minimum. In both cases, the same encapsulation thickness is required, and the stiffness of the encapsulated filament is up to three times the value before encapsulation. For encapsulant materials such as PEEK, polyimide and mylar (E ≈ 3 GPa), a thickness of 40 µm is enough to place the copper film on the NA. Funding: This work was funded by the WEARPLEX project in the Horizon 2020 EU funding -ICT-02-2018.
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